The deep ocean is an important component of global biogeochemical cycles because it contains one of the largest pools of reactive carbon and nitrogen on earth. However, the microbial communities that drive deep-sea geochemistry are vastly unexplored. Metatranscriptomics offers new windows into these communities, but it has been hampered by reliance on genome databases for interpretation. We reconstructed the transcriptomes of microbial populations from Guaymas Basin, in the deep Gulf of California, through shotgun sequencing and de novo assembly of total community RNA. Many of the resulting messenger RNA (mRNA) contiguous sequences contain multiple genes, reflecting co-transcription of operons, including those from dominant members. Also prevalent were transcripts with only limited representation (2.8 times coverage) in a corresponding metagenome, including a considerable portion (1.2 Mb total assembled mRNA sequence) with similarity (96%) to a marine heterotroph, Alteromonas macleodii. This Alteromonas and euryarchaeal marine group II populations displayed abundant transcripts from amino-acid transporters, suggesting recycling of organic carbon and nitrogen from amino acids. Also among the most abundant mRNAs were catalytic subunits of the nitrite oxidoreductase complex and electron transfer components involved in nitrite oxidation. These and other novel genes are related to novel Nitrospirae and have limited representation in accompanying metagenomic data. High throughput sequencing of 16S ribosomal RNA (rRNA) genes and rRNA read counts confirmed that Nitrospirae are minor yet widespread members of deep-sea communities. These results implicate a novel bacterial group in deep-sea nitrite oxidation, the second step of nitrification. This study highlights metatranscriptomic assembly as a valuable approach to study microbial communities.
Introduction
Microorganisms mediate the marine carbon and nitrogen cycles, and thus control nutrient bioavailability, primary productivity, and production and consumption of greenhouse gases such as N 2 O and CO 2 in the oceans (Ward et al., 2007; Fü ssel et al., 2012; Karl et al., 2012) . The deep ocean represents the largest active reservoir of carbon on the planet, containing B50 times more inorganic carbon than the atmosphere (Raven and Falkowski, 1999) . Thus, understanding the primary agents of carbon cycling in the deep sea is of considerable interest. The 'biological pump' has been considered a driving force for sequestration of carbon to the ocean interior (Raven and Falkowski, 1999) and the 'microbial carbon pump', in which heterotrophic bacteria generate recalcitrant dissolved organic carbon, represents a more recently recognized form of carbon sequestration (Jiao and Zheng, 2011) . Therefore, elucidating the key microbial players that mediate interconversions between dissolved inorganic carbon, particulate organic carbon and dissolved organic carbon is crucial to understand the carbon cycle as it pertains to global change.
As nitrogen is often the co-limiting nutrient for productivity in the oceans, the carbon cycle is intimately linked to biogeochemical transformations of nitrogen (Zehr and Kudela, 2011) . Recent transformative advances in environmental DNA sequencing have revealed the pathways, organisms and genes involved in the nitrogen cycle including anaerobic ammonia oxidation (anammox; Strous et al., 2006) , denitrification (Ward et al., 2007) , N 2 O production (Santoro et al., 2011) and ammonia oxidation (Kö nneke et al., 2005) . Ammonia-oxidizing Archaea (AOA) are now recognized as major contributors to oceanic nitrification (Wuchter et al., 2006) by catalyzing the first step, oxidation of ammonia to nitrite (Kö nneke et al., 2005) . These AOA are numerically abundant, especially in the deep sea, where they account for up to 40% of total cells (Karner et al., 2001) ; thus, they have been estimated to be among the most abundant Archaea on earth (Pester et al., 2011) . Despite these new insights, fundamental questions about the marine nitrogen cycle remain open. For example, because nitrite produced by AOA typically does not accumulate in the environment (Dore and Karl, 1996) , nitrite oxidation must be equally prevalent as AOA in nitrification (Ward et al., 2007) . Correlation between nitrite-oxidizing bacteria (NOB) and ammonia-oxidizing Archaea populations suggests metabolic coupling between these groups (Mincer et al., 2007; Santoro et al., 2010 ); yet NOB are observed at much lower abundance than their ammonia-oxidizing counterparts (Koops and Pommerening-Roser, 2001; Mincer et al., 2007; Santoro et al., 2010) . This high AOA:NOB ratio is unexplained even when the greater free energy available from ammonia oxidation is taken into account; thus, the mechanisms and organisms responsible for nitrite removal remain unresolved (Ward et al., 2007; Zehr and Kudela, 2011) . Previously unrecognized nitrite reduction by AOA has recently been highlighted as another potential sink for nitrite (Santoro et al., 2010; Baker et al., 2012) .
Metatranscriptomics is emerging as a valuable tool for tracking the metabolic activity of microbial communities as they occur in nature. Although the relationship between the abundance of RNA and protein is not simple, thus complicating efforts to use transcript abundance as a direct proxy for metabolic activity, metatranscriptomics still provides highly informative views of the interactions between microbes and their environments (Moran et al., 2012) . This approach offers the ability to sequence and quantify messenger RNA (mRNA) of specific genes and populations within an entire community, potentially including those that have not been previously identified. To date, analysis of metatranscriptomic sequence data has primarily relied on mapping of complementary DNA (cDNA) reads to genomic data sets derived from either public databases (Frias-Lopez et al., 2008; Shi et al., 2009; Stewart et al., 2011) or from accompanying metagenomic sequencing (Shi et al., 2011; Lesniewski et al., 2012) . These approaches are limited by reference data sets that lack the full diversity inherent to natural communities and by public databases that are biased toward readily cultured representatives. Thus, a large fraction of metatranscriptomic data is typically unclassified (Frias-Lopez et al., 2008) . Here, we attempt to resolve the metabolic activity of novel and minor community members through de novo assembly of metatranscriptomic sequence reads from a hydrothermal plume in Guaymas Basin, Gulf of California, where enhanced primary production is fueled by ammonia oxidation, methanotrophy and sulfur oxidation . Reconstruction of transcriptomes of deep-sea community members enabled identification of abundant transcripts involved in nitrite oxidation and carbon cycling from organisms with limited representation in metagenomic data sets.
Materials and methods
Sample collection and processing Samples were collected in 10-l bottles by CTDrosette (Sea-Bird, Bellevue, WA, USA) aboard the R/V New Horizon (Table 1) , as described previously (Dick and Tebo, 2010) . Briefly, samples were collected by 'tow-yo' of the CTD-rosette then immediately filtered onto 0.2 mm polycarbonate membranes with N 2 gas once on deck and preserved in RNAlater (Ambion, Grand Island, NY, USA). Although potential changes in the RNA pool during collection are a concern, as discussed previously , these changes are minimized by the fact that samples are kept under in situ conditions (cold, dark) throughout collection and immediately filtered and preserved once onboard. RNA was extracted from filters using the MirVana miRNA Isolation kit (Ambion) and treated with DNAase I, and concentrated and re-purified using RNeasy MinElut Kit (Qiagen, Valencia, CA, USA). RNA amplification by random priming and cDNA synthesis was performed as described previously (Shi et al., 2009; Stewart et al., 2011) . Sequencing was performed on an Illumina HiSeq2000 instrument (San Diego, CA, USA) at the University of Michigan Sequencing Core.
Ribosomal RNA (rRNA)-based taxonomy abundance assessment In order to assess the diversity of organisms present in the RNA data set, we mapped cDNA reads from the plume community to the SILVA small subunit rRNA gene database (Pruesse et al., 2007) using riboPicker software (Schmieder et al., 2012) .
cDNA sequencing and analyses cDNA reads were dereplicated by removing duplicated reads (100% match, identical length), then quality trimmed using Sickle (http://www.github. com/najoshi/sickle). For all read mapping we used trimmed and dereplicated data sets. Dereplication reduced the number of reads from 206 to 45 million in the plume and 245 to 130 million in the background sample. We also mapped reads before dereplication to confirm that the general trends seen were not artifacts of preprocessing of the sequences. Reads were assembled with Velvet (1.2.01, https:// github.com/dzerbino/velvet) and subsequently processed using the transcriptomic assembler Oases (0.2.04; Schulz et al., 2012) . Abundance of cDNA reads was determined by mapping all of the cDNA reads to the assembled transcripts fragments. Mapping was done using Burrows-Wheeler Aligner (Li and Durbin, 2009 ) with default settings (maximum mismatch ¼ 4%). We manually checked the mRNA transcripts discussed in depth here for chimeras by viewing the read mapping in integrated genome viewer. The trends reported for the NOB and other low-abundance members were observed in that analysis as well. Assembled transcript contiguous sequences (contigs) were searched for functions using DOE JGI IMG/MER annotation pipeline (Markowitz et al., 2012) . The cDNA reads are available at NCBI SRA under accession numbers SRX134769 (plume) and SRX134768 (background). The assembled and annotated plume transcript library is available via IMG under taxon object ID 236347000. All comparisons of cDNA assemblies with metagenomic data was done with previously described data , which was a co-assembly of reads from the same sample (Bkgrd-1), and additional ones (Plume-1 and -2, and Bkgrd-2).
Phylogenetic analyses
All phylogenetic trees were generated using maximum likelihood (RaxML) with ARB software (Ludwig et al., 2004) . rRNA-containing transcripts were identified using riboPicker package (Schmieder et al., 2012) . 16S rRNA sequences were aligned in Greengenes (DeSantis et al., 2006) . Alignments of mRNA sequences were done using CLUSTALW with manual refinement. In order to identify all of the 16S and 23S rRNA sequences in the transcript assembly, we first searched the plume assembly with Candidatus Nitrospira defluvii 16S and 23S rRNA genes. Matches were then imported and aligned to the Greengenes 16S rRNA and the Silva 23S rRNA databases (DeSantis et al., 2006) . We then generated large neighbor joining trees with thousands of reference sequences. Only contigs 4350 bp were used in the 16S tree and only those 4500 were used in the 23S rRNA tree. Only those sequences that fell within the Nitrospirae were kept. The 23S rRNA phylogeny was generated using 1909 characters. Group names in the 16S rRNA tree are based on those characterized by Lebedeva et al. (2011) .
Identification of NOB and anammox transcripts
We searched all annotated genes on the Guaymas mRNA transcripts using all of the Ca. N. defluvii genes. We then compared these hits with the nonredundant NCBI protein database. Only those that had top hits to Ca. N. defluvii and Leptospirillum sp. were then considered to belong to the Nitrospirae. We searched the metatranscriptomic assembly for transcripts of key anammox genes, hydrazine oxidoreductase from the genome of Ca. Kuenenia stuttgartiensis and hydrazine hydrolase from Ca. Scalindua sp. (FM163627). Supplementary Figure S7 is based on the number of reads that match with e-valueo1E À 5 (BLASTx). One gene transcript, 2236391221, had a match of 57% (bitscore of 56.6, e-value 7E À 10 ). However, comparison of this transcript to Genbank revealed that it is most similar to several sequences obtained from microbes not thought to be capable of anammox, including Shewanella woodyi (79% similarity) and SUP05 (68% similarity).
Analyses of transcript sequence variants cDNA reads were mapped to assembled contigs using Burrows-Wheeler Aligner mapping software (Li and Durbin, 2009 ). SNPs were identified by visually comparing reads mapped using integrated genome viewer. These samples were sequenced as part of a prior study . 
Results and discussion
De novo assembly of transcripts Random shotgun metatranscriptomic sequencing was conducted on a sample from the Guaymas Basin hydrothermal plume (1950 m water depth) and from a location just above the plume (1600 m), referred to as 'background', for comparison. De novo assembly of metatranscriptomic reads yielded 78 250 assembled contigs containing 81 452 predicted genes. 18 501 (23%) of these were putative protein-coding genes (non-transfer RNA or rRNA) of which 12 605 (68%) were assigned putative functions. The large number of non-protein coding transcripts can be explained by a high level of fragmentation (due to fine-scale variability in highly similar sequences) of rRNA genes that is commonly seen in short-read sequencing data (Miller et al., 2011) . Several of the mRNA contigs have homology to multiple genes of related function, reflecting assembly of co-transcribed genes from operons (Supplementary Figure S1) . Among the most abundant were transcripts involved in oxidation of sulfur, ammonia and methane from dominant community members. Also, highly expressed were genes encoding ribosomal proteins (Supplementary Figure S2) from dominant groups, including AOA (Baker et al., 2012) , sulfur-oxidizing SUP05 Gammaproteobacteria and methanotrophs . These results are consistent with previous analyses of the same samples based on genome databases . The majority (53%) of the 16S rRNA containing reads belong to members of the Gammaproteobacteria (including methanotrophs and the sulfuroxidizer, SUP05) ( Figure 1 ). This is consistent with previous findings (Dick and Tebo, 2010; Lesniewski et al., 2012) and their high coverage in genomic assemblies.
Heterotrophy
Metatranscriptomic assembly revealed abundant transcripts from community members that were not well represented in corresponding metagenomic data sets . The most abundant ribosomal protein-coding transcripts were highly similar (up to 99% DNA similarity) to a deep-sea heterotroph, Alteromonas macleodii (Ivars-Martínez et al., 2008) (Supplementary Figure S2) , which has limited representation in corresponding metagenomic data (averaging 2.8 times coverage) and 16S rRNA gene surveys (Dick and Tebo, 2010) . The longest of these assembled transcripts is nearly 5 kb and contains an operon of 11 co-transcribed ribosomal protein Deep-sea carbon and nitrogen cycling by microbes BJ Baker et al genes. Overall, 1968 mRNA contigs were identified totaling just over 1.2 Mb of consensus sequence (Figure 2) , with an average similarity of 96% to A. macleodii. These transcripts are generally less abundant in the background compared with plume ( Figure 2 ). The four most abundant Alteromonaslike transcripts are for TonB, an amino-acid transporter, ribosomal protein S2 and a hypothetical protein (Figure 2 ). TonB is a membrane-bound receptor that is commonly involved in iron uptake systems in a variety of bacteria. However, it has been shown that this protein family is also involved in transport of other metals and various carbohydrates (Schauer et al., 2008) . Given that ATP-binding cassette transporters are an essential component of hetrotrophy and uptake of dissolved organic carbon in the oceans (Jiao and Zheng, 2011) , we compared transcriptional activity among putative ATP-binding cassette amino-acid transporters present in the metatranscriptome. Interestingly, 5 of the 10 most abundantly represented amino-acid transporters in the plume metatranscriptome have high similarity to Euryarchaea Marine Group II (MGII), suggesting this group utilizes exogenous amino acids as a carbon and/or nitrogen source. Given the low coverage of MGII in the metagenome (Figure 3 and Supplementary Figure S3) , we searched the transcript assembly using a recently obtained MGII genome (Iverson et al., 2012) . A total of 112 transcript contigs (nearly 72 kb total) were identified with an average similarity of 91% to the MGII genome. Putative functions could be assigned to only 37 of these assembled contigs; the vast majority was annotated as 'hypothetical proteins', underscoring the lack of knowledge of this group. MGII are ubiquitous in marine environments , yet their physiology and function has remained enigmatic until their recent implication in heterotrophy (Iverson et al., 2012) .
MGII have proteorhodopsin genes for energy generation in the photic zone (Frigaard et al., 2006) . Upon searching for proteorhodopsin genes in the deep Guaymas metatranscriptome none were idnentified, as expected for a dark environment and consistent with previous 454-based results . We did, however, identify expression of a V-type H þ -translocating inorganic pyrophosphatase gene, which are implicated in energy generation in symbionts (Kleiner et al., 2012) . These results hint that deep-sea MGII Archaea utilize H þ -translocating inorganic pyrophosphatase as an important mechanism of energy conservation and ATP generation. Also prominent among MGII transcripts were several RNA processing genes including multiple RNA-binding Rrp4 and RNase PH genes (Supplementary Figure S4) . 
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Transcripts absent from metagenomic data To further assess the extent of sequences present in the metatranscriptome but absent from the metagenome, we compared the transcripts with a prior metagenomic assembly derived from the same samples . Eight thousand three hundred sixty metatranscriptome-specific mRNAs were found, totaling over 3.4 Mb of consensus sequence. We were unable to assign potential function to 3419 (41%) of these genes, and 2447 did not have confident matches to sequences in public databases. Many of the most active genes present in this category are of unknown function (Supplementary Figure S5) . Overall, 16% (1378 of 8360) of the metatranscriptome-specific genes are closely related to genes from Alteromonas, including the abundant TonB receptor and ribosomal proteins (Figure 4 ). Figure 4 Transcripts not present in accompanying metagenomic data but with similarity to sequences in public databases. Each circle represents an assembled mRNA contig. Plotted is percent similarity to NCBI sequence vs the number of plume cDNA reads recruited. Coloring is consistent with Figures 2 and 3 ; red are Alteromonas, yellow are Nitrospirae and green are MGII.

Identification of nitrite oxidation transcripts
Some of the most abundant transcripts in the community are from genes for nitrite oxidation and associated energy metabolism (Figure 2) . These highly transcribed genes encode the key enzyme for nitrite oxidation, nitrite oxidoreductase (NxrA, NxrB and the membrane subunit), as well a c-type cytochrome and cytochrome bd-type terminal oxidase for reduction of O 2 (Lü cker et al., 2010). Except for nxrA, all of these genes are most similar to Ca. Nitrospira defluvii (Supplementary Figure S6 and Supplementary Table S1 ), a nitrite-oxidizing member of the phylum Nitrospirae (Lü cker et al., 2010). These nxr genes are phylogenetically distinct from those recently discovered in Chloroflexi sp. (Sorokin et al., 2012) . Many of the components proposed to oxidize nitrite and reduce O 2 in Ca. N. defluvii are present and highly transcribed in the Guaymas Basin metatranscriptome ( Figure 5) .
Assignment of nxr genes to aerobic nitrite oxidation by Nitrospirae is complicated because at least two members of the phylum Planctomycetes, Ca. K. stuttgartiensis and Ca. Scalindua profundus, also contain nxrA and nxrB-like genes, which are thought to be involved in nitrite oxidation during anammox (Strous et al., 2006) . Although the prevalence of anammox seems unlikely in oxic waters of the deep Guaymas Basin (B28 mM O 2 ), it could take place in particle-associated, anoxic microenvironments (Wright et al., 2012) . Thus, to evaluate the possibility that the nxr-like transcripts we observed are from anammox microorganisms, attempts to identify additional anammox-related gene transcripts were made. No appreciable abundance of transcripts of key anammox genes, hydroxylamine oxidoreductase (hao) or hydrazine hydrolase (hzh), were identified in the metatranscriptomic assembly (Supplementary Figure S7) . Further, the concurrent abundant expression of the cytochrome bd terminal oxidase most closely related to a Ca. N. defluvii homolog indicates aerobic metabolism, ruling out a role for NXR in anammox or H 2 -linked denitrification, which has been suggested for Nitrospira moscoviensis (Ehrlich et al., 1995) . Therefore, we conclude that the abundant transcripts encoding a novel NXR and associated electron transport chain are involved in aerobic nitrite oxidation.
Guaymas Basin plumes are enriched in ammonium and hydrocarbons (Bazylinski et al., 1989) , thus, may be more representative of areas of intense nitrogen and carbon cycling (for example, oxygen minimum zones (Wright et al., 2012) ) than the typical deep ocean. However, the high abundance Deep-sea carbon and nitrogen cycling by microbes BJ Baker et al of transcripts from nxr and associated electron transport genes in the non-plume background sample shows that their prominence is not restricted to ammonium-rich hydrothermal plumes (Figure 2 and Supplementary Figure S8 ).
Recovery and characterization of Nitrospirae 16S rRNA and rRNA genes As the novel nxr transcripts are not directly linked to conserved phylogenetic markers (that is, do not co-occur on a single assembled contig), it is not possible to definitively assign these genes to taxa present in our data set. To probe this question further, we searched the transcript library for known NOB rRNA gene sequences. No 16S rRNA genes from common NOB genera (for example, Nitrospina, Nitrobacter, Nitrococcus, Nitrospira) were present; however, two phylotypes that fall within phylum Nitrospirae were identified. Phylogenetic analyses of the Nitrospirae 16S rRNA and 23S rRNA genes indicated two distinct clusters (81% and 82% 16S rRNA gene similarity to Ca. N. defluvii) that represent novel members of the Nitrospirae phylum ( Figure 6 ). One of these phylotypes (referred to hereafter as deep ocean Nitrospirae nitrifier, 'DONN') recruited four times more rRNA transcripts than the other in the plume and was the only transcriptionally active Nitrospirae-like phylotype in the background sample. The closest match to DONN in public databases shares only 88% sequence identity to uncultured Nitrospirae clones (Figure 6 ), highlighting the novelty of this group.
Comparison of all cDNA reads to a comprehensive 16S rRNA gene database revealed that only 0.3% of the rRNA reads matched most closely to Nitrospirae (Figure 1 ). In addition, o0.001% of all rRNA gene-containing reads from the genomic library were identified as Nitrospirae.
Prevalence of Nitrospirae metabolic gene transcripts
Further support for the assignment of nxr genes to Nitrospirae comes from the prevalence of additional abundant mRNA transcripts with high similarity to Nitrospirae. In total, we identified 160 Nitrospiraelike genes (including several species/strain variants) on 142 assembled mRNA fragments (Figure 7) . Interestingly, 115 of these have similarity to contigs in the accompanying metagenomic data set ( Figure 3 ) but are present at low coverage (2.4 times).
To confirm this, we searched all the previously published 454 data sets and found the same trend of a high (5:1) cDNA:DNA ratio in total community nxr genes. Taken together, these results reveal the low abundance yet high nitrifying sludge clone RC11, Y14636 Candidatus Nitrospira defluvii, EU559167 nitrifying sludge clone b2, AJ224038 wastewater clone 80, DQ997051 Nitrospira moscoviensis, X82558 Candidatus Nitrospira bockiana, EU084880 drinking water system clone DSSD62, AY328760 Bor Khlueng hot spring clone PK287, AY555798 Lake Gatun clone 5C231165, EU803576 Nitrospira calida, HM485589 Garga spring enrichment Gall, HM485588 zinc mine tailings clone OS−C76, EF612393 zinc mine clone 0S−C76, EF612393 Candidatus Nitrospira bockiana, EU084879 soil clone JH−WHS122, EF492939 soil glacier clone KC−21, EU421848 metagenomic deep sea sediment clone E75, AJ966604 Figure 6 Phylogeny of Nitrospira-like 16S rRNA genes from assembled transcripts. Trees were generated using the maximum likelihood method and Planctomycetes brasiliensis as the outgroup.
Deep-sea carbon and nitrogen cycling by microbes BJ Baker et al transcriptional activity of Nitrospirae in the deep Guaymas Basin (Supplementary Table S1 ). NOB are thought to be primarily autotrophic, but there is evidence for enhanced growth of Nitrospira sp. when supplied with simple organic carbon sources such as pyruvate (Boon and Laudelout, 1962; Ehrlich et al., 1995; Lü cker et al., 2010) . All described Nitrospirae utilize the reductive tricarboxylic acid cycle. Among the abundant Nitrospirae-like transcripts in the Guaymas Basin metatranscriptome were those from genes integral to carbon metabolism via the TCA cycle. Transcripts of several strain variants of all three subunits (a, b and g) of 2-oxoglutarate:ferredoxin oxidoreductase and pyruvate:ferredoxin oxidoreductase genes were identified (Figure 7) . However, genes encoding the ATP-citrate lyase (indicative of CO 2 fixation via reductive TCA) were not recovered; thus, we are unable to verify whether the reductive TCA cycle operates for CO 2 fixation in these DONN populations as it does in Ca. N. defluvii (Lü cker et al., 2010) .
Abundance and distribution of low-abundance yet transcriptionally active microbial groups Given that a large proportion of transcripts originate from minor community members (MGII, Alteromonas and DONN groups), we sought to further assess the abundance and distribution of these groups in Guaymas Basin as well as in hydrothermal plumes of the Eastern Lau Spreading Center, which is located in the southwestern Pacific and hosts geochemically diverse hydrothermal vents. Analysis of high throughput 16S rRNA gene pyrosequencing libraries taken from various depths of the water column yielded OTUs corresponding to all three groups, and confirmed their presence across geographically disparate microbial communities. At Guaymas, three dominant 16S rRNA gene phylotypes of Alteromonas sp. were present, which collectively represent 1.01-4.04% of the total Guaymas Basin community at depths of 1300-1900 m. These phylotypes were not detected in near surface samples (12.5 m) but increased to 1.0 and 1.76% near the oxygen minimum zone (356 and 554 m, respectively). At Lau Basin, only two of the three Guaymas Basin Alteromonas phylotypes were detected. Two dominant MGII phylotypes were present as minor community members at Guaymas, comprising only 0-0.67% of the total community. MGII were not detected in the two near surface Guaymas Basin samples (12.5 and 356 m) . At Lau only one of the two Guaymas MGII phylotypes were detected, and ranged in abundance from 0-1.3%. Normalization is calculated as the number of cDNA reads mapped divided by lengths of the genes and multiplied by 1000.
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We found that both Nitrospirae phylotypes are present as low-abundance community members at Guaymas Basin, both in previously obtained clone libraries from Dick and Tebo (2010) and in new pyrosequencing data (Supplementary Figure S9) . The DONN group is most abundant in the deep basin, but even there it only accounts for B0.25% of the community (Supplementary Figure S10) . Similar Nitrospirae phylotpes were also identified as minor members of Lau Basin communities (Supplementary Figure S11) , further suggesting that the novel Nitrospirae phylotypes reported here are widespread and consistently less abundant members of deep-sea microbial communities. It is also important to note that commonly used probes for the Nitrospira (Fü ssel et al., 2012) have two nucleotide mismatches to the DONN group, so these organisms may have been missed by previous studies. Thus, more work is needed to assess the distribution of DONN in diverse marine environments where nitrification is prevalent.
The stark contrast in NXR abundance between transcript (high abundance) and metagenomic (low abundance) libraries calls attention to the concept that keystone ecological functions can be performed by low-abundance species of the biosphere. In the case of NOB, low abundance despite high metabolic activity may be inherent to their physiology. Cultured NOB grow slowly (Watson et al., 1986) , presumably owing to low free energy yield from nitrite oxidation (Boon and Laudelout, 1962) , which likely constrains the abundance of in situ NOB populations. Further, the disparity in population size between NOB (low abundance) and AOA (high abundance) at Guaymas Basin implies that cell-specific nitrite oxidation rates must be large relative to those of ammonia oxidation (assuming quantitative conversion to nitrate by the NOB). In the common terrestrial NOB Nitrobacter winogradskyi, enzyme saturation is evident under micromolar concentrations of nitrite (Watson et al., 1986) , and it is estimated that the NXR enzyme may comprise 10-30% of total cell protein (Bock et al., 1991) . Increased transcription of nxr genes but not rRNA genes has also been observed in Ca. N. defluvii enrichments (Lü cker et al., 2010) and actively fertilized soils where Nitrobacter-like nxr expression was elevated (Wertz et al., 2011) . Our data suggests a similar scenario occurs in the deep sea, where NOB highly transcribe nxr genes to maximize nitrite oxidation that provides only modest energy and growth yield. Another possible explanation is that the disparity between DNA and RNA abundance of the NOB reflects a recent transcriptional response to nitrite in the environment, and the subsequent increase in DNA (cell division) would soon follow.
Intrapopulation variability
The high sequence coverage produced by de novo metatranscriptomic assembly provides opportunities to investigate gene sequence variation and ecological dynamics of strains within natural populations. In many cases, multiple sequence variants of each gene involved in nitrite oxidation were recovered, indicating the presence of several closely related strains or multiple gene copies within a genome (Figure 7 ). The most highly expressed transcripts tended to have the greatest number of variants within the data set, likely as a result of greater coverage of those regions. The NXR variants cluster into two divergent groups (82-84% similar at the DNA level), likely representing the two different Nitrospirae groups, but it is impossible to rule out the alternative interpretation of gene duplicates within a single genome as in Ca. N. defluvii (Lü cker et al., 2010) . The most highly expressed nxrAB type in the plume is also the dominant type in the background, suggesting that the same strain is dominant in both communities. Many of the sequence substitutions between these transcripts are synonymous. For example, the two most abundant nxrAB operon variants (GBPt_c08738 and GBPt_c08738) have eight nucleotide polymorphisms within a 72-bp region in the nxrB transcripts, yet they have identical amino-acid sequences.
However, we also identified minor variants that were only present in the plume and that have seven distinct nucleotide substitutions clustered solely within the metal-coordinating [Fe-S] center of NxrB ( Supplementary Figures S12 and S13 ). This site is homologous to a region of nitrate reductase of Escherichia coli that mediates intramolecular electron transfer. The high frequency of nucleotide polymorphisms around this region suggests that selective pressures (perhaps substrate concentrations) maintain such variation.
Conclusions
Despite the recent explosion of microbial genome sequencing, environmental shotgun sequencing continues to reveal vast genetic novelty, which presents fundamental challenges to our ability to fully characterize natural microbial communities. Our findings demonstrate that de novo metatranscriptomic assembly offers the ability to assess transcriptionally active populations of diverse and novel microbial communities at high resolution (to the strain level). More importantly, it enables the reconstruction and functional characterization of transcripts that would have otherwise been overlooked by mapping to reference genomic databases. In the deep Gulf of California, this approach revealed the functional importance of lowabundance populations of Alteromonas and archaeal MGII in heterotrophy and novel Nitrospirae in nitrite oxidation. The high RNA:DNA ratio and novelty of genes implicated in nitrite oxidation suggest explanations for why these Nitrospirae have eluded detection and are under-represented relative to their ammonia-oxidizing counterparts. These new insights into novel NOB indicate that the distribution and role of this functional group should be reconsidered, as we seek to understand the fate of nitrite in terms of nutrient cycling and production of greenhouse gases in the oceans.
